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ABSTRACT 
 
Aim: To determine the adhesion at the zirconium dioxide-porcelain interface using a 
fracture-mechanics approach, and to investigate this adhesion under the scanning electron 
microscope. 
Methods: 5 bilayered specimens of porcelain (VITA VM 9) bonded to zirconium dioxide 
(VITA In-Ceram 2000 YZ Cubes) were prepared. The porcelain side of the specimens was 
notched to the interface with a diamond saw. The specimens then underwent a four-point 
bending interfacial delamination test on a universal testing machine. The pre-cracked 
specimens were subjected to load and the strain energy release rate (G, J/m2) calculated 
from the critical load to induce stable crack extension. The interfaces of the 5 specimens 
were then investigated under the scanning electron microscope. 
Results: A mean G value of the 12.4 J/m2 was determined. Scanning electron microscope 
imaging showed that all 5 specimens exhibited the same interface cracking behaviour. In all 
tests the cracks started from the tip of the pre-crack and extended along the zirconium 
dioxide and porcelain interface in an almost straight line. This demonstrated adhesive 
fracture behaviour between the porcelain and the zirconium dioxide. 
Conclusions: This study has demonstrated that the adhesion of porcelain to zirconium 
dioxide can be measured in terms of the strain energy release rate using the four-point 
bending test. The obtained results allow direct comparison to other all-ceramic systems and 
even metal-ceramic systems. The low strain energy release rate values demonstrate 
relatively poor adhesion of porcelain to zirconium dioxide. Veneering ceramics for zirconia 
frameworks exhibit higher rates of chipping than for metal frameworks, and this may be 
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partly due to poor adhesion. This study has emphasised the need for further research into 
improving the adhesion of veneering porcelain to zirconium dioxide.
3 
 
LITERATURE REVIEW: ADHESION OF VENEERING PORCELAIN TO ZIRCONIUM DIOXIDE 
 
INTRODUCTION 
 
Zirconium-dioxide (or zirconia) based all-ceramic restorations, specifically yttrium partially 
stabilised tetragonal zirconia polycrystal (Y-TZP), are gaining popularity due to good 
mechanical properties, aesthetics, biocompatibility and cost.  
 
Y-TZP is now used as a framework material for crowns and even fixed partial dentures, both 
in the anterior and posterior. Y-TZP shows a high flexural strength (900-1200 MPa), a  
Young's modulus (200 GPa) comparable to base metal alloys, and a high fracture toughness 
(KIC = 9-10 MN/m
3/2).1 This material therefore exhibits better mechanical performance and 
superior strength and fracture resistance than other core ceramics. The high strength may 
be explained by a phase transformation toughening mechanism. This involves the 
transformation of tetragonal grains to the monoclinic phase under stress at the crack tip, 
with associated volume expansion, inducing compressive stresses that counteract crack 
propagation.1  
 
Y-TZP however has also been reported to suffer spontaneous or slow tetragonal to 
monoclinic transformation, called low-temperature degradation which can cause 
mechanical property degradation.1 
 
Y-TZP frameworks can be fabricated using two major techniques2: 
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1. Milling enlarged frameworks out of homogenous blanks, which are usually delivered 
in a non-sintered (green body) or in different pre-sintered stages. Milled frameworks 
are then sintered and shrunk to desired dimensions. 
2. Milling the framework with final dimensions out of highly dense sintered 
prefabricated blanks. 
 
Clinical failures of these zirconium dioxide restorations often occur due to fractures or 
chipping of the veneering ceramic, with great variation in the reported incidences. 
 
Vult von Steyern et al3 in a study of 3 to 5 unit fixed dental prostheses (FDPs), found minor 
veneer chipping in 15% of cases after 2 years follow-up. Raigrodski et al4 in a study of 
posterior 3 unit FDPs, observed minor veneer chipping in 25% of cases after a mean follow-
up of 31.2 months. Sailer et al5 observed veneer chipping in 15.2% of 3 to 5 unit posterior 
FDPs after a mean service time of 35.1 (±13.8) months. Tinschert et al6 observed veneer 
chipping in 8% of posterior FPDs after a mean follow-up of 37 (±15.5) months, with no 
anterior FPDs exhibiting veneer chipping. Molin and Karlsson7, in contrast to the above 
studies, found no evidence of veneer chipping or delamination after 5 years follow-up of 3 
unit FPDs. Crisp et al8 in a 1 year follow-up of 3 to 4 unit FDPs, observed only 1 case of minor 
veneer chipping. 
 
Ortorp et al9 in a retrospective study of zirconia single crowns, observed 4 cases of veneer 
chipping, from a sample of 204 crowns that were followed during 1 to 3 years follow-up.   
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This phenomenon of veneer chipping or delamination seen in clinical studies is 
multifactorial in nature, with the mechanical integrity and the adhesion of veneering 
ceramic to the ceramic substructure proven to be key factors for the successful 
performance of bi-layered restorations.10 
 
This section aims to critically review the literature that examines the adhesion of veneering 
ceramic to zirconia. An evidence based medicine process11 was used as follows: 
1. Asking focused question using the PICO structure (Patient or problem, Intervention, 
Comparison intervention, Outcomes). This question helps to provide the appropriate 
search terms to direct the literature search to obtain the best answer. 
2. Literature search 
3. Critical appraisal of the evidence 
 
The following PICO question was therefore formulated: 
Patient or problem For all-ceramic restorations 
Intervention with a zirconium dioxide framework, 
Comparison - 
Outcomes what is the bond strength at the core-veneer interface? 
 
A literature search of electronic databases was performed for articles published up to 
September 2009. An electronic search of the MEDLINE database was conducted, using the 
key search terms zirconium, dental veneers and dental bonding (see Table 1).  These 
searches were then combined to yield 22 articles. Inclusion criteria were then applied, 
limiting the results to English and articles that were relevant to the postulated question, 
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giving 11 articles.  A further search of the literature on PubMed and Google Scholar, and 
hand searching provided another 2 articles. A final 13 articles were therefore chosen as the 
basis for this literature review. These 13 articles were all laboratory studies (level of 
evidence of 5).  
 
 Searches Results 
1 Zirconium/ 3071 
2 Dental Veneers/ 2339 
3 Dental Bonding/ 12546 
4 1 and 2 and 3 22 
5 From 4 keep 2, 5-6, 10-12, 14, 16... 11 
Table 1 – MEDLINE Search Strategy 
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DISCUSSION 
 
The bond between the weaker veneering ceramic and stronger framework must be of a 
certain minimum value and toughness to allow proper transfer of loading stresses between 
the two materials.12 During mastication, the restoration receives functional stresses, which 
induces a  temporary deformation of the restoration and results in the generation of strain 
energy, which becomes stored in the system.12 During unloading, the restoration elastically 
recovers to its original shape, and the stored energy is released.12 With cyclic loading, the 
interface between zirconia and the veneer ceramic must resist these changes.13 
 
Bond strength is determined by a host of factors including strength of chemical bonds, 
mechanical interlocking, type and concentration of defects at the interface, wetting 
properties and the degree of compressive stress in the veneering layer due to a difference in 
the coefficients of thermal expansion between zirconia and the veneering ceramic.14 
 
Many tests have been used to evaluate the adhesion of veneering porcelain to zirconium 
dioxide. These include the tensile, microtensile and shear bond strength tests. However, an 
adequate bond strength test for all-ceramic materials has not been determined in the 
reviewed literature.15 
 
Aboushelib et al12, 13, 16-19 in a series of 6 papers, have used the microtensile bond strength 
test method to evaluate the core-veneer bond strength of a variety of zirconia-porcelain 
combinations. The specimen is connected to an attachment unit, with the core-veneer in 
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the free space. As the 2 plates of the attachment unit are separated, the interface is 
subjected to tensile forces. 
 
Aboushelib et al, 2005,13 investigated the influences of the core surface finish and thermal 
expansion coefficient (TEC) mismatch between core and veneer, on the core-veneer bond 
strength of Cercon restorations. The study found that polishing compared to sandblasting 
the core did not affect the core-veneer bond strength. The core-veneer bond strength was 
also found to be significantly weaker if a liner was not applied. The veneer tested which had 
a larger TEC of 12.5ppm compared to the core’s TEC of 10.5ppm exhibited delamination and 
massive micro-cracks during cutting procedures. When a narrow positive mismatch between 
the core (TEC of 10.5ppm) and veneer (TEC of 9.5ppm) was present, delamination and 
micro-cracks did not occur during cutting procedures. This showed that a narrow positive 
mismatch of TEC between core and veneer is mandatory for success of core veneered all-
ceramic restorations. Failure mode for the specimens was found to be predominantly 
interfacial, with SEM showing voids and an imperfect connection between the core and 
veneer. 
 
Aboushelib et al, 2006,19 evaluated the core-veneer bond strength of Cercon restorations 
and 7 different veneering ceramics. Ceram S, Rondo Dentine, Rondo Shoulder, Lava dentine 
and Sakura Interaction were conventional layered veneering porcelains, whereas Ceram 
Express and an Experimental pressable were pressable veneering porcelains. The core-
veneer bond strength was found to be not only material dependent but the applied liner 
was also of influence on bond strength. Application of a liner significantly improved the 
core-veneer bond strength of Ceram S, but there was no statistical difference for Lava 
9 
 
dentine, Rondo Shoulder or Sakura Interaction. Application of the liner reduced the core-
veneer bond strength for Ceram Express and Rondo Dentine. The layered veneers failed 
mainly interfacially with no liner (except for Rondo dentine), or cohesively with liner 
applied. The pressable veneers failed mainly cohesively with no liner, or interfacially with 
liner applied. It was also shown that using a shoulder ceramic (Nobel Rondo Shoulder) is not 
beneficial as it exhibits weaker zirconia-veneer bond strength and a higher percentage of 
interfacial fracture compared to the dentine ceramic. Pressable veneers were found to have 
better surface contact with zirconia. It was concluded that a liner material should only be 
used with some layering veneers but not in combination with pressable veneers as it will 
result in weakening of microtensile bond strength. 
 
Aboushelib et al, 2008(a),16 evaluated the effect of combining both pressable and 
conventional layered ceramics in one restoration, on core-veneer bond strength. The study 
found no statistically significant difference between in core-veneer bond strengths between 
core and 3mm pressable veneer or combination of core, 1mm pressable and 2mm 
superficial layered ceramic. SEM showed a defect-free interface between the zirconia and 
the pressable ceramic. No structural defects and good contact was also observed between 
the pressable and layered veneering ceramics. The addition of layered veneering ceramics 
resulted in an increase in percentage of interfacial failure, compared to the pressable 
veneer group which demonstrated 100% cohesive failure. This may be explained by the 
difference in thermal expansion coefficient between the pressable and layered ceramics, 
leading to undesirable residual tensile pre-stresses. The study showed that the double 
veneer technique did not result in weakening of the core-veneer bond strength. However, 
interfacial failure was increased in the double veneer technique.  
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Aboushelib et al, 2008(b),17 investigated the effect of zirconia type, white or coloured, and 
its surface finish on the bond strength to two veneer ceramics. The 5 zirconia framework 
materials tested were Cercon white and yellow, Lava white and yellow and Procera zirconia. 
The milled surface was left unaltered or sandblasted with or without liner application, prior 
to veneering with Noble Rondo or Ceram Express. The study found that bond strength to 
coloured zirconia was significantly weaker than to white zirconia. For white framework 
materials, airborne particle abrasion increased surface roughness leading to a reduction in 
interfacial failure and enhanced bond strength values. The application of liner following 
airborne particle abrasion however reduced bond strength and increased interfacial failure. 
For yellow framework materials, airborne particle abrasion led to more surface roughness in 
yellow frameworks leading to a reduction in bond strength values and increase in interfacial 
failure. The application of liner following particle abrasion however increased bond strength 
but also increased interfacial failure. The addition of colouring pigments therefore result in 
structural changes that require different surface treatment before veneering. 
 
Aboushelib et al, 2008(c),18 evaluated the core-veneer bond strength of a CAD veneering 
method for zirconia frameworks, compared with manual layering. In this study the type of 
zirconia core was not defined. The microtensile bond strength was found to be significantly 
higher for the CAD-veneered specimens compared to the manually layered specimens. SEM 
analysis revealed that the CAD-veneered specimens failed cohesively, while conventional 
layered specimens failed interfacially predominantly. CAD-veneered specimens showed 
good contact between the 2 materials, whereas the manually layered zirconia interface 
showed structural defects and air bubbles, primarily in the liner material. This may occur 
due to the thin wash consistency as the liner material is applied. 
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Aboushelib et al, 2009,12 again evaluated the core-veneer bond strength of CAD veneering 
method for zirconia restorations, compared with manual layering. In this study however no 
significant difference in bond strength was found for CAD veneered specimens to the 
manually layered specimens. However this study assessed different pressable and veneering 
ceramics to the previous study. SEM examination showed good adaptation of CAD veneer to 
zirconia compared to manually layered specimens, which sometimes exhibited air bubbles 
and microgaps. 
 
Study Material 
(Cercon Base as per 
manufacturer guidelines 
sandblasted prior to 
veneering) 
Microtensile Bond Strength (MPa) 
(SD in parentheses) 
Liner  No liner No surface 
treatment 
Aboushelib et al, 
200513 
Cercon Base – Cercon Ceram S 29.1 (10.8) 16.9 (4.8) - 
Aboushelib et al, 
200619 
Cercon Base white–  
(Layered porcelains) 
Ceram S 
Rondo Dentine 
Rondo Shoulder 
Lava Dentine 
Sakura Interaction 
(Pressable porcelains) 
Ceram Express 
Experimental Pressable 
 
 
26.3 (8.6) 
30.8 (14.5) 
- 
34.3 (7.0) 
23.8 (7.8) 
 
29.7 (8.9) 
- 
 
 
17.2 (4.1) 
41.1 (11.1) 
39.3 (9.6) 
30.9 (7.2) 
19.9 (9.2) 
 
38.6 (6.4) 
25.2 (7.4) 
- 
Aboushelib et al, 
2008(a)16 
Cercon Base –  
(Pressable porcelain) 
Ceram Express 
(Double veneer) 
Ceram Express / Noble 
Rondo 
Ceram Express /Ceram 
Kiss 
 
 
- 
 
- 
- 
 
 
34.4 (2.9) 
 
36.7 (5.1) 
36.6 (5.1) 
- 
Aboushelib et al, 
2008(b)17 
Cercon Base white – 
Ceram Express 
Nobel Rondo 
Cercon base yellow – 
Ceram Express 
Nobel Rondo 
 
31.6 (7.7) 
28.5 (15.3) 
 
37.1 (12.2) 
29.3 (7.3) 
 
37.9 (5.1) 
42.4 (11.5) 
 
17.2 (5.3) 
24.3 (8.7) 
 
22.8 (2.0) 
36.5 (9.5) 
 
25.9 (12.7) 
31.6 (7.7) 
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Lava white – 
Ceram Express 
Nobel Rondo 
Lava yellow – 
Ceram Express 
Nobel Rondo 
Procera – 
Ceram Express 
Nobel Rondo 
 
41.8 (9.4) 
23.4 (11.4) 
 
39.3 (7.7) 
29.4 (7.4) 
 
25.8 (8.5) 
31.9 (12.8) 
 
36.1 (8.1) 
29.7 (7.3) 
 
16.8 (5.2) 
20.8 (10.3) 
 
39.1 (8.2) 
49.8 (25.8) 
 
23.0 (8.1) 
24.8 (6.3) 
 
26.4 (11.5) 
30.1 (6.9) 
 
33.9 (5.6) 
30.8 (10.4) 
Aboushelib et al, 
2008(c)18 
Zirconia (not specified) – 
(CAD-veneered) 
IPS e.max Zirpress 
(Manually layered) 
IPS e.max Ceram 
 
 
- 
 
- 
 
 
26.6 (1.6) 
 
15.1 (1.3) 
- 
Aboushelib et al, 
200912 
Cercon Base –  
(CAD-veneered) 
Nobel Rondo Press 
 (Manually layered) 
Nobel Rondo 
 
 
- 
 
- 
 
 
38.8 (6) 
 
39.0 (8) 
- 
Table 2 – Comparison of microtensile bond strength results 
 
Nakamura et al20 examined the core-veneer bond strength of porcelain to sandblasted 
zirconia using a tensile bond strength test. Zirconia specimens were sintered and 
sandblasted with 70µm alumina powder at pressures of 0.2, 0.4 or 0.6 MPa. Specimens not 
sandblasted served as controls. 3 types of veneering porcelain with liner were then fired 
onto the surface. Zirconia specimens that had been sandblasted at a pressure of 0.4MPa 
developed a stronger bond to veneering porcelain compared to no sandblasting or 
sandblasting at a pressure of 0.2MPa. The authors postulated that as long as the 
sandblasting pressure remains within 0.2-0.6 MPa, it seems the zirconia surface doesn’t 
undergo any phase transformation or develop micro-cracks that can impair its bond 
strength. After testing, all specimens were found to have cohesive failure within the veneer, 
indicating that the core-veneer bond may be sufficiently strong. 
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Study Material Tensile Bond Strength (MPa) 
Sandblasting  
0 MPa 0.2 MPa 0.4 MPa 0.6 MPa 
Nakamura et al20 Lava zirconia – 
Cercon Ceram 
Kiss 
Cerabien ZR 
Vintage ZR 
 
 
- 
- 
22 
 
- 
- 
27.8 
 
49.5 
37.8 
44.3 
 
- 
- 
40.2 
Table 3 – Comparison of tensile bond strength results 
 
A number of authors have used the shear bond strength test method to evaluate the core-
veneer bond strength of a variety of zirconia-porcelain combinations. The shear bond 
strength test is defined as a test in which 2 materials are connected via an adhesive agent 
and a shear load applied until separation occurs. The shear bond strength is calculated by 
dividing the maximum applied force by the bonded cross-sectional area.  
 
Al-Dohan et al21 investigated the shear bond strength of the core-veneer interface of 
zirconia-porcelain systems and compared the results to a metal-ceramic system. The study 
found that the shear bond strength of the zirconia-porcelain systems tested were not 
significantly different from the metal ceramic control. Microscopic examination showed that 
in the zirconia-porcelain systems failures were primarily within the veneer (55-60%) and the 
remainder were at the interface with veneer residue left on the core surface. However this 
level of magnification may not be sufficient in truly determining the method of failure. 
 
Fischer et al14 investigated the effect of polishing, sandblasting, silica coating, liner 
application and regeneration firing on the core-veneer bond strength using a shear bond 
strength test. 5 different veneering ceramics were evaluated. Failure in every case was 
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found to have occurred in the veneering ceramic adjacent to the interface with a thin layer 
of ceramic remaining on the zirconia surface, indicating that bond strength was higher than 
the cohesive strength of the veneering ceramic. The authors stated that the applied test 
design actually tested the shear strength of the veneering ceramic adjacent to the interface, 
and not the bond strength at the interface.  It was concluded that the veneering ceramic 
itself may be the weakest link. 
 
Guess et al10 evaluated the shear bond strength between various commercial zirconia core 
and veneering ceramics and investigated the effect of thermocycling. The study concluded 
that the shear bond strength between zirconia core and veneering ceramics was not 
affected by thermocycling. None of the zirconia-porcelain systems could attain the high 
bond strengths values of the metal ceramic control. The zirconia-porcelain groups showed 
combined failure modes of cohesive in the veneering ceramic and adhesive at the interface. 
 
Ashkanani et al22 also investigated the shear bond strength of the core-veneer interface of 
zirconia-porcelain systems, and the influence of thermocycling. A significant difference in 
the shear bond strengths was found between the zirconia groups and metal ceramic control, 
regardless of thermal cycling. Thermal cycling did not have a clear effect on the bond 
strength. All zirconia specimens were found to have failed cohesively within the veneering 
porcelain. 
 
Comlekoglu et al23 evaluated the shear bond strength of four different margin ceramics to a 
zirconia ceramic. 3 feldspathic ceramics (Cerabien, Ceramco and Triceram) and 1 
fluorapatite ceramic (E.max) were tested. The mean bond strengths of Ceramco to zirconia 
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was significantly lower than the other margin ceramics and the author postulated that this 
may be due to the larger coefficient of thermal expansion mismatch between the zirconia 
and margin ceramic. Failure modes were predominantly adhesive for Ceramco and cohesive 
within the veneer for the other types of ceramic. 
 
Study Material Shear Bond Strength (MPa) 
(SD in parentheses) 
Al-Dohan et al21 Procera AllZircon – Cerabien CZR 
DC-Zircon – Vita D 
28.03 (5.03) 
27.90 (4.79) 
Fischer et al14 Vita In-Ceram 2000 YZ Cubes –  
Cerabien ZR 
IPS e.max 
Triceram 
Vintage ZR 
VM9 
23.5 (3.4) – 33.0 (6.8) 
Guess et al10 Cercon Base – Cercon Ceram S 
Dry 
Thermocycling 
Vita In-Ceram YZ Cubes – Vita 
VM9 
Dry 
Thermocycling 
Dc-Zirkon – IPS e.max Ceram 
Dry 
Thermocycling 
 
9.4 (3.2) 
9.6 (4.2) 
 
12.5 (3.2) 
9.7 (4.2) 
 
11.5 (3.4) 
11.5 (1.7) 
Ashkanani et al22 Lava zirconia – Lava Ceram 
Dry 
Thermocycling 
 
52.76 (13.75) 
42.45 (12.63) 
Comlekoglu et al23 ICE Zirkon –  
Cerabien ZR 
Ceramco PFZ 
E.max Zir 
Triceram 
 
31.6 (6.4) 
25.4 (4.5) 
35.9 (8.4) 
38.8 (7.1) 
Table 4 – Comparison of shear bond strength results 
 
Luthardt et al24 have proposed the use of a scratch test, for determining the bond strength 
at the core-veneer interface. This scratch test involves a Rockwell-C diamond pulled over 
the veneering layer of 100µm, with the force linearly increased from 5 to 100N over a 
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distance of 30mm. The critical force was calculated at the scratch length where the 
delamination is observed under 50 times magnification. This method of testing the bond 
strength is widely used for thin film adhesion characterisation. For all-ceramic materials 
however, this method has not been used by any other authors. 
 
All the published, popular methods on determining adhesion of the core-veneer interface 
for zirconia-porcelain systems have their limitations. 
 
Van Noort et al25 showed through finite element analysis that bond strength can change 
with specimen geometries, loading configurations or material stiffness, as these give rise to 
different stress distributions at the bonded surface. Aboushelib et al, 2005,13 agreed and 
stated the microtensile bond strength “is a useful method to study the behaviour of core-
veneered all-ceramic restorations when subjected to tensile stresses, but the obtained 
stresses do not represent the actual bond strength”. 
 
Van Noort et al also demonstrated that uniform tensile or shear stress at the interface is not 
achieved, and failure may therefore not be along the interface. In many of the included 
shear bond strength studies in this review, the specimens showed cohesive failure within 
the veneering ceramic following testing. This suggests that the applied test design actually 
tested the shear strength of the veneering ceramic adjacent to the interface, and not the 
bond strength at the interface.14 
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Al-Dohan21 has stated that due to great variations in shear bond strength test results, the 
test must be standardised. This is likely due to variations in test arrangements between 
different studies. 
 
The Weibull theory states that strength values of larger specimens are lower than that 
obtained with smaller ones because larger specimens exhibit a higher probability of surface 
defects and therefore a higher risk of early failure.26 
 
The included studies also had small sample sizes of specimens. 
 
CONCLUSIONS 
 
It can be seen that there are a variety of methods to determine the bond strength at the 
core-veneer interface for zirconia restorations. These different methods however suffer 
inherent limitations and do not accurately represent the bond strength at the core-veneer 
interface. 
 
Therefore a standardised test has to be developed that can more accurately quantify the 
adhesion of veneering porcelain to zirconium dioxide. 
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INTRODUCTION 
 
A four-point bending interfacial delaminating test has been used to evaluate the adhesion of 
different metals to porcelain27 but not for all-ceramic materials. For metal-porcelain 
systems, shear or flexural strength tests have been used to evaluate the adhesion at the 
interface. However these tests do not measure the energy or work required to separate the 
porcelain from metal, but only the comparative stresses required to initiate catastrophic 
breaking of the specimen.27 The four-point bending test was proposed as it has a sound 
mechanics basis and has the characteristics of stable interfacial crack propagation during 
testing.28 
 
The aim of this pilot study is to determine the adhesion at the porcelain-zirconium dioxide 
interface using a fracture mechanics approach, and to investigate this adhesion with 
Scanning Electron Microscopy (SEM). Interfacial toughness in terms of the strain energy 
release rate will be used to evaluate the adhesion of the veneering porcelain to zirconia. 
19 
 
MATERIALS AND METHODS 
 
Five rectangular plates of Y-TZP (VITA In-Ceram 2000 YZ Cubes) were prepared from porous 
presintered blanks and then densely sintered. The sintered plates were veneered with VITA 
VM9 (dentine shade) following manufacturer guidelines, using a manual layering technique. 
 
The bilayered specimens were then ground flat on the porcelain side using 220-grit and 320-
grit silicon carbide paper and trimmed to be approximately equal with a water cooled 
diamond impregnated saw. The mean dimensions of the 5 specimens were 7.2mm x 
31.4mm x 1.5mm. Table 5 shows the specific dimensions for each specimen. Specimens 
were then polished on one edge, to allow observation of the crack, with 45-µm diamond 
abrasive on a polishing cloth using a rotary polishing machine. 
 
The porcelain side of the specimens were subsequently notched to the porcelain-zirconium 
dioxide interface with a water cooled diamond impregnated saw. 
 
The specimens then underwent a four-point bending interfacial delamination test. The 
specimens were placed in a four-point bending jig mounted in a universal testing machine 
(Autograph AG-50kNE™). Fig. 1 depicts the relationship between the specimen and the 
rollers of the four-point bending jig. The specimens were initially loaded at a cross-head 
speed of 0.1mm min-1 to form a pre-crack at the interface, and then further loaded to 
induce stable crack extension. 
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Fig. 1 – Four-point bending test configuration and relative dimensions of system.  
 
The load and cross-head displacement data were collected for calculation. 
 
The strain energy release rate, G, is given by29 
 
        Equation 1 
 
The non-dimensional parameter  is calculated by 
 
   Equation 2 
 
with  
 
         Equation 3 
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where:  
 is the load to stably propagate the crack,  
 is the distance between inner and outer load line (rollers) on the same side (5mm), 
 is Poisson’s ratio of zirconium dioxide substrate (0.32), 
 is elastic modulus of zirconium dioxide substrate (218.1 GPa), 
 is specimen width,  
 is specimen total thickness,  
 is Poisson’s ratio of veneering porcelain (0.2), 
 is elastic modulus of veneering porcelain (65.52 GPa), 
 is thickness of veneering porcelain and 
 is thickness of zirconium dioxide substrate. 
 
The non-dimensional parameter  increases with increase in relative specimen thickness, 
: . 
 
A feature of the expression relating the strain energy release rate in Equation 1 is that it is 
independent of the interface crack length provided it lies within the inner rollers. 
 
After the four-point bending test, the interfaces of the 5 specimens were investigated under 
SEM (JEOL JSM-840™). Fractured surfaces were analysed to determine the characteristics of 
bond failure. 
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RESULTS 
 
The load, , for each of the five specimens is shown in Table 1. A typical load-displacement 
curve is shown in Fig. 2.  
 
 
Fig. 2 – Typical load-displacement curve generated during crack initiation and extension 
for the loading geometry shown in Fig. 1. 
 
The initial linear portion of the curve is the elastic loading of the system to develop strain 
energy in the porcelain veneer.  When this strain energy exceeds the surface energy to 
extend a crack, a pre-crack initiates and there is a small load drop. Unloading at this stage 
shows the slope of the unloading curve is different from the initial loading curve indicating a 
change of compliance of the specimen and that crack extension has occurred.  Upon 
reloading to a critical load, stable crack extension occurs at a constant loading. When the 
crack has extended beyond the inner rollers the bending moment developed in the 
porcelain is reduced and the load to extend the crack rises.  All five specimens showed a 
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similar plateau-like response for the load during stable crack extension.  The measured load 
was taken as the mean value of all the data points measured along the plateau region, 
corresponding to stable crack extension. The load, , required for stable crack extension 
ranged from 42.29 - 56.43N. 
 
The strain energy release rate values can be obtained by using the formula given in 
Equations 1 - 3. Poisson’s ratio and elastic modulus of VITA In-Ceram 2000 YZ are 0.32 and 
218.1 GPa respectively,30 and Poisson’s ratio and elastic modulus of VITA VM-9 are 0.2031 
and 65.52 GPa32 respectively. 
 
The mean strain energy release rate calculated ranged from 9.2 – 16.0 J/m2, with a mean of 
12.4 J/m2. The specific values for each specimen (see Table 5) were used to quantify the 
respective strain energy release rates. 
 
Specimen  (N)  (mm)  (mm)  (mm)  (mm) Length(mm) 
1 50.90 7.37 1.59 0.81 0.78 31.36mm 
2 42.29 7.22 1.55 0.81 0.74 31.41 
3 45.91 7.12 1.80 1.04 0.76 31.35 
4 56.43 7.09 1.46 0.70 0.76 31.38 
5 43.88 7.03 1.33 0.64 0.69 31.37 
Table 5 – Test results 
  
Specimen  (J/m2) 
1 11.5 
2 9.2 
3 11.5 
4 16.0 
5 13.8 
Table 6 – Strain energy release rates for each specimen 
 
24 
 
SCANNING ELECTRON MICROSCOPY 
 
Interfaces were examined under the Scanning Electron Microscope (JEOL JSM-840™). 
 
Fig. 3 – SEM image showing the intimate adaptation of porcelain to zirconia, prior to 
testing. The porcelain appears homogenous in nature without the presence of any 
structural defects.  
Fig.3 shows an unloaded specimen and the intimate adaptation of porcelain to zirconia at 
the interface. 
 
Fig. 4 – SEM image of the porcelain-zirconia interface, showing a typical view of the 
initiation and growth of the interfacial crack from the base of the notch. 
In all specimens the crack initiated at the tip of notch (Fig. 4). The cracks then extended 
along or close to the interface in an almost straight line (Fig. 5). 
 
ZIRCONIA 
PORCELAIN 
NOTCH 
ZIRCONIA 
PORCELAIN 
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Fig. 5 – SEM image of the interface area of zirconia bonded to porcelain, showing stable 
crack (white line) formation along the interface. 
 
 
Fig. 6 – SEM image of a specimen where veneering porcelain delamination occurred 
following loading. In the area of delamination, no veneering material appeared to remain 
on the zirconia surface, which confirms that stable crack extension was along or close to 
the interface. A higher than 400 times magnification would be required to confirm that no 
veneering material remained on the zirconia surface. 
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Fig. 7 – SEM image of the interface area of zirconia bonded to porcelain, where the crack 
(white line) has left the interface to extend into the veneering porcelain. 
One specimen exhibited a crack that left the interface to extend into the veneering 
porcelain (Fig. 7). However this occurred due to uncontrolled crack growth beyond the inner 
rollers of the testing apparatus. 
 
The veneering ceramic appeared homogenous in nature without the presence of any 
obvious structural defects such as large porosities or voids. 
PORCELAIN 
ZIRCONIA 
27 
 
DISCUSSION   
 
For metal-ceramic systems, measuring the bond strength has traditionally been carried out 
in shear tests33 from which the stress at bond failure was determined. However, a 
standardised method of determining the core-veneer bond strength of all-ceramic systems 
has yet to be determined. Traditional methods such as shear tests or tensile tests often 
show considerable scatter and relate to the onset of fracture rather than a genuine measure 
of adhesion.28 
 
Finite element analysis has shown that in shear bond strength tests a very complex stress 
situation occurs at the interface, which may result in crack initiation within or propagating 
through the porcelain rather than along the interface.25 The published literature10, 14, 21-23 
which uses shear bond strength tests to measure the adhesion of porcelain to zirconia is in 
agreement with this, with the majority of tested samples showing cohesive failure within 
the veneer. 
 
Tensile tests are greatly influenced by specimen geometry, and the occurrence of non-
uniform stress distribution during load distribution.15 The microtensile bond strength test 
requires careful handling to avoid the creation of cutting defects that can weaken or initiate 
crack propagation at the margins.15 
 
This four-point bending test’s specimen geometry and pre-crack provide a stable crack 
extension along the interface.27 This prevents high stress concentration and specimen 
overload from occurring at the initiation of crack growth.27 High stress concentration and 
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specimen overload could lead to a higher force than required for breaking the bond and an 
unstable fracture.27SEM of the five specimens has shown that the crack was initiated at the 
tip of the notch and then extended along or close to the interface in an almost straight line. 
Therefore this failure led to a separation of the bi-materials which provided a measurement 
of the adhesion in terms of the strain energy release rate.   
 
SEM analysis showed good adaptation of the manually layered ceramic used in this study. 
This contrasts to previously published literature12, 18 that showed good adaptation of 
pressable veneering ceramics to zirconia compared to manually layered ceramics which 
sometimes contained air bubbles and microgaps. 
 
Table 7 displays a comparison of strain energy release rates for a variety of different 
materials, tested under the same protocol. Zirconium dioxide-porcelain displays a low value 
when compared to the metal-ceramic systems, especially to the “gold standard” namely 
gold-porcelain. 
Specimen (J/m2) 
Gold-porcelain 72.7 ± 10.0 
Palladium-porcelain 58.5 ± 13.5 
Nickel-chromium-porcelain 39.4 ± 4.3 
Titanium-porcelain 16.6 ± 2.5 
Zirconium dioxide-porcelain 12.4 ± 2.3 
Table 7 – Comparison of different materials 
Adapted from Suansuwan & Swain 199927 
 
This pilot study confirms that the four point interfacial fracture test can be used to evaluate 
the adhesion of an all-ceramic bi-material system, and is simple and shows reproducible 
results. 
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Limitations of this study include: 
 In-vitro information cannot be extrapolated directly to clinical situations.21 
 Sample size was small. Prior to testing, it was unknown if the brittle nature of all-
ceramic systems would allow testing by a four-point bending interfacial delaminating 
test. 
 Bilayered specimens do not accurately represent anatomical shapes of dental 
restorations but provide a geometry that permits core-veneer bond strength 
measurement. 
 The absence of a liner may have affected the reported core-veneer bond strengths 
observed in this study. Liner application is recommended by the manufacturer for 
non-coloured Y-TZP frameworks, as used in this study. Liners act as an intermediate 
layer between the zirconia substrate and the veneering ceramic to mask the 
framework and to increase the wetting property on the zirconia surface.14 
 Using only one type of zirconium dioxide and one type of corresponding veneering 
porcelain. 
 Effect of water storage and thermocycling were not investigated in this study. 
 
Future research may address the following: 
 Testing various veneering porcelains, with different mechanical properties and 
coefficients of thermal expansion, with different zirconium dioxide core materials. 
 Evaluation of different veneer layering techniques, such as the conventional manual 
layering technique compared to the pressed ceramic technique. 
 Effect of water storage and thermocycling on specimens. 
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CONCLUSIONS 
 
The study has demonstrated that a measure of the adhesion of porcelain to zirconium 
dioxide can be determined in terms of the strain energy release rate using the four-point 
bending test. Results from this study have allowed direct comparison to metal-ceramic 
systems, and will also allow future comparison to other all-ceramic systems, when the 
adhesion of these systems is tested using the same methodology. 
  
The low strain energy release rate values and the presence of interfacial failure demonstrate 
poor adhesion of porcelain to zirconium dioxide. Veneering ceramics for zirconia 
frameworks exhibit higher rates of chipping than for metal frameworks,34 and may be partly 
due to this poor adhesion. The results of this study may help to explain the observed clinical 
behaviour. 
 
This study has emphasised the need for further research into improving the adhesion of 
veneering porcelain to zirconium dioxide.  
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